Dye molecules with pyridyl side substituents (porphyrins and heterocyclic perylene diimides) coordinatively attached to semiconductor CdSe/ZnS quantum dots (QDs) surface form quasi-stable "QD-Dye" nanocomposites of various geometry in the competition with capping molecules (tri-n-octyl phosphine oxide or long chain amines) exchange. This results in photoluminescence (PL) quenching of the QDs both due to Foerster resonance energy transfer and formation of non-radiative surface states. QD surface is inhomogeneous with respect to the involved attachment and detachment processes. The formation of "QD-Porphyrin" nanocomposites is realized at least two time scales (60 and 600 s), which is attributed to a reorganisation of tri-n-octylphosphine oxide capping shell. In a low temperature range of 220÷240 K related changes in QD absorption and emission reveal a phase transition of the capping shell (tri-n-octyl phosphine oxide and amine). In "QD-Dye" nanocomposites, this phase transition is enhanced considerably by only a few attached
Introduction
At the moment, it is well-documented that photonics plays a pivotal role in advancing Nano/Bio/Info technology by creating new interfaces between multiple disciplines. In this respect, nanophotonics provides opportunities for high-density integration in information technology and for efficient harvesting of solar energy, while nanobiophotonics offers exciting opportunities for fundamental research to probe intercellular interactions as well as to produce novel nanoprobes for biomedical imaging, biosensing and therapy for cancer as well for other major medical needs to advance human health. In this respect, nanostructured materials with tuneable morphology have attracted exceptional interest over the past decades because of their unique architectures, tailored physicochemical properties, central roles in fabricating nanoelectronics, and potential applications in bionanotechnology. [1] [2] [3] [4] [5] [6] [7] [8] Recently, great efforts have been devoted to bottomup self-assembled nanostructures. Self-assembly is the fundamental phenomenon that generates structural organization on all scales in vivo and in vitro. [9] The most important source of inspiration for self-assembly strategies is natural photosynthesis in which the generation of complex, multicomponent three-dimensional structures involves intramolecular, as well as intermolecular and interfacial interactions. [10, 11] In the organic world, the preparation of supramolecular architectures in which organic compounds present a high degree of order, which spans from the nanoscopic to the macroscopic level across multiple length scales, is highly desirable and represents a key issue within the fast-growing fields of nanoscience and nanotechnology. [12] [13] [14] [15] [16] [17] [18] [19] [20] In this respect, the interest in emerging organic nanostructures formed via the bottom-up approach (including those based on tetrapyrrolic macrocycles) is growing exponentially since they are not only good models for mimicking the primary photochemical processes in vivo but seem to be considered as promising building blocks for advanced multifunctional nanocomposites with potential applications in improved drug delivery systems, photodynamic therapy, nanovoltaic cells, optoelectronic memory, multimolecular architectures for information storage and highly efficient catalysts. [21] [22] [23] [24] [25] [26] However, many fundamental issues still need to be in-depth investigated in order to have full understanding of mechanisms that drive the properties of organic nanocomposites.
The field of nanoscience and nanotechnology is extending also the applications of physics, chemistry, engineering and technology into inorganic systems of nanoscale dimensions. In this connection, semiconductor nanocrystals (often referred to as quantum dots, QD, e.g. CdSe or CdSe/ZnS and other II-VI systems) represent a specific class of matter between atomic clusters and bulk materials with well-defined size-dependent tunable photophysical properties. [27] [28] [29] [30] Correspondingly, based on ideas of the self-assembly discussed above, the combination of the two directions, that is the anchoring of functional organic molecules (including tetrapyrrolic compounds and other heteromacrocycles) or molecular complexes or even proteins to QDs, is of considerable scientific and a wide practical interest including material science and biomedical applications. [31] [32] [33] [34] [35] [36] [37] [38] Inspired by our earlier work on self-assembled multiporphyrin arrays [39] [40] [41] [42] [43] [44] [45] we have elaborated the experimental approach in the direct labelling of trioctylphosphine oxide (TOPO)-and amino (AM) -capped semiconductor quantum dots (QD) CdSe/ZnS with functional ligands (dyes) of two types (pyridyl substituted porphyrins and heterocyclic pyridyl functionalized perylene diimide molecules) in liquid solutions and polymeric matrixes. [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] We have shown that depending on redox and electronic properties of interacting subunits as well as anchoring groups (connecting organic and inorganic counterparts) the formation of "QD-Dye" nanocomposites allows for a controlled realization of mutually relative (spatial) orientations and electronic energy scales in order to optimize intended photoinduced processes such as charge transfer, [56, 57] fluorescence Foerster energy transfer (FRET) [20, 46, 47, 50, 52] or electron tunnelling in the conditions of quantum confinement (non-FRET process). [48, 50, 53] Typically, all these processes lead to the pronounced quenching of QD photoluminescence (PL) in nanocomposites that may be used as an indicator of complex interface phenomena selectively depending on attached ligands (porphyrins, perylene diimides, etc.).
It should be mentioned that self-assembled "QD-Dye" nanocomposites present a quintessential problem for surface and interface science. Correspondingly, with respect to formation and possible applications of these nanocomposites in the liquid or solid phase (e.g. in sensing phenomena [37, 58] or photodynamic therapy [53, [59] [60] [61] ) several factors related to the QD PL efficiency are of essential importance: (i) attachment/ detachment of heterocyclic dye molecules, [46, [62] [63] [64] [65] (ii) the interplay of dye molecule attachment and ligand exchange dynamics [66, 67] and (iii) the presence and formation of various surface trap states in the band gap, [68, 69] whose energies and corresponding quenching efficiencies may be changed upon interface reconstruction (via polarity and/or temperature change) or competing ligand/dye exchange dynamics.
The intention of this semi-review paper is not a thorough description of all the relaxation processes in "QDDye" nanocomposites, which would be too early given some open problems as well as some specific structural aspects. Rather the present work should be viewed as a more comparative characterization of the non-covalent selfassembly possibilities and the dynamics in these systems, thus providing the data for a further development of defined multicomponent structures for exploitation as artificial lightharvesting complexes, electro-and photochemical devices, nanosensors, etc. There are several objectives of this report. One goal is to familiarize the reader with a specific role of porphyrin meso-phenyl substituents in the nanocomposite formation and exciton relaxation dynamics. Then we are willing to demonstrate that the QD surface is inhomogeneous with respect to the involved attachment and detachment processes, i.e. the formation of "QD-Dye" nanocomposites is in competition with TOPO and AM capping molecules exchange dynamics. Finally, we plan describe that very few or even only one attached porphyrin molecule change the distribution and/or presence of dye related surface trap states considerably, and the "decoration" of QDs by dye molecules makes a phase transition of the QD capping ligand shell (at low temperatures) highly visible or even amplifies the phase transition. Notably, in order to obtain more insight about these processes we used a combination of bulk and single molecule/single quantum dot experiments as a tool to precisely identify the interaction of exactly one QD with one dye molecule leading to a microscopic understanding of the "QD-Dye" nanocomposites formation (including ligand dynamics) and related mechanisms of PL quenching dynamics. On the basis of these well-documented understandings, one could search functional nanocomposites for possible application in various fields of nanoscience and nanotechnology.
Experimental

Colloidal Semiconductor CdSe/ZnS Quantum Dots
For ensemble and single particle experiments colloidal core/ shell CdSe/ZnS QDs passivated by tri-n-octyl phosphine oxide (TOPO) or long-chain amines (AM) were obtained from Evident Technologies, Inc, Troy, NY, USA. The absorbance of the QD starting toluene solution was adjusted to be lower than 0.1 OD at excitation and emission wavelengths in order to avoid non-linear absorption and re-absorption effects. The concentrations varied in the range (1÷10)·10 -7 M. In ensemble experiments stability and purity of the QD solutions were checked by measuring the quantum yield stability at least over 3 hrs after preparation. The properties of the used QDs are presented in our earlier papers. [46, 48, 52, 54] 
Pyridyl Functionalized Dye Molecules
Like in the case of multiporphyrin complexes, [15, 18, 20, 39, 40] the selective replacement of meso-phenyl rings in tetra-phenyl porphyrins by pyridyl rings, H 2 P(Pyr) n as well as CuP(Pyr) 4 , offers the possibility for a controllable formation of "QD-Porphyrin" nanocomposites via a coordination "key-hole" principle. [20, 46, 48, 49] It is well-known from chemical background that the 3d transition metal Zn 2+ ion has empty 3d 10 orbital while heteroatom N-pyr of the porphyrin meso-pyridyl ring is a very good e-donor having an unshared electron pair. Correspondingly, in this case a "key-hole" Formation of "Semiconductor Quantum Dots -Porphyrin" Nanocomposites principle is realized via one-or two-fold non-covalent coordination Zn …. N(pyr). Synthesis and spectral details of meso-pyridyl containing porphyrins have been reported earlier. [39, 40] In ensemble experiments, porphyrin stock solutions were prepared in toluene under ultrasonic treatment at 40°C at concentrations in the range (3÷30)·10 -5 M. For single particle experiments, sufficiently high photostable pyridyl functionalized perylene diimide molecules were used. The synthesis of these compounds is described elsewhere. [70, 71] In the present experiments we have used (pyridyl) 1 -perylene diimide (PP).
Sample Preparation
Quantiative titration experiments have been performed in case of ensembles at ambient conditions with toluene spectroscopic grade (Fluka SeccoSolv or Merck dried with a molecular sieve). The optical cuvettes (Hellma QS-111, path length 1 cm) and other glassware were flushed with acetone and ethanol, chemically cleaned with aqueous H 2 SO 4 :H 2 O 2 , flushed with deionized water, dried in a nitrogen flow and purged with toluene. Temperature (77÷300 K) measurements for QDs and "QD-Porphyrin" nanocomposites were carried out in a methylcyclohexane/toluene (6:1) mixture possessing an optical transparent glass at low temperatures. The respective glass transition temperatures are the following: [72] 146.7 K (methylcyclohexane), 180 K (toluene), and 151.6 K (methylcyclohexane/toluene 6:1 mixture). For single particle experiments samples, pipettes and vials were thoroughly cleaned by supersonic treatment in a piranha solution (1:1 H 2 O 2 -H 2 SO 4 solution) and by careful rinsing with Millipore DI water. Material quality was checked with a homebuilt fluorescence wide field microscope. Initial stock QD-dye solutions at a given molar ratio have been prepared by one step mixing at concentrations in the range of 10 -6 ÷10 -7 M. Then for single nanoobjects experiments, these solutions have been additionally diluted, and single particle sample preparation was done by spin coating a ∼(1÷5)·10
-11 M solution of the QD-dye mixture onto a Si/SiO 2 (100 nm thick SiO 2 ) surface. Structures of 5,10,15,20-meso-metapyridyl substituted porphyrin (H 2 P) and (pyridyl) 1 -perylene diimide (PP) molecules, capping molecules of tri-n-octyl phosphine oxide (TOPO) and long-chain amines (AM) are depicted in Figure 1 . Figure shows also a schematic representation (not on scale) of "QD-porphyrin" (A) and "QD-perylene diimide" (B) nanoassemblies and mutual arrangement of dye molecules with respect to QD surface.
Experimental Techniques
In ensemble experiments, absorption spectra were recorded with a Shimadzu 3001 UV/Vis or Cary-500 M Varian spectrometer. Emission spectra were measured with a SFL-1211A (Solar, Belarus) or Shimadzu RF-5001PC spectrofluorimeter. Temperature experiments were carried out using a home built cryostat (Solar, Belarus) equipped with a temperature controller (∆T=0.5 K). QD and dye emission decays (time correlated single photon counting mode, TCSPC) were measured using a laboratory spectrofluorometer equipped with computer module TCC900 (Edinburg Instruments) and light emitting diodes (PicoQuant GmbH): PLS-8-2-130 (λ max =457 nm, FWHM~ 713 ps) and PLS-8-2-135 (λ max =409 nm, FWHM~990 ps).
At ambient conditions, single particle experiments (PL spectra and decays) were performed in a home built laser scanning confocal microscope [51, 52, 54] depicted schematically in Figure 2 . Shortly, the main features of this experimental setup are as follows. A Peltier-cooled pulsed laser diode ("LDH-P-C 470", Picoquant) emitting pulses of 75 ps length at λ= 465 nm (tunable repetition rate of 1/32÷80 MHz) was used in this setup. The samples were mount on a close-looped piezo 3D-translation stage (Piezosystems, Karl Zeiss, Jena) with a maximum scan range of 80 µ. The emitted light is separated by a neutral beam splitter (3:1) and focused by the final achromatic lens to the entrance slit of a spectrometer and a single photon counting avalanche photodiode (APD). The excitation pulse width allows a TCSPC time resolution down to 75 ps, the time jitter 
Results and Discussion
Comparative Titration Experiments and Nanocomposite Formation
Typically, at ambient temperature, the titration of CdSe/ ZnS QD toluene solution by a comparable amount of mesopyridyl substituted porphyrins H 2 P(Pyr) n results in the QD photoluminescence (PL) quenching (emission intensity decrease and decay shortening, [46, [48] [49] [50] Figure 3 ). These results clearly indicate the formation of "QD-Porphyrin" nanocomposites via anchoring meso-pyridyl rings with ZnS surface of QD.
Stimulated by experience with self-assembled porphyrin arrays we have systematically studied the specificity of QD-porphyrin interactions upon exchange competition with TOPO capping molecules. The strategy was to carry out titration experiments for QD with fixed parameters (size and number of ZnS monolayers) but using meso-pyridyl substituted porphyrins H 2 P(Pyr) n with changed properties such as: (i) the number of pyridyl-rings from 1 to 4 including the two variants for the displacement (m-Pyr) 2 and (m^Pyr) 2 -, where pyridyl rings are opposite or adjacent to each other; (ii) for the four-fold pyridyl substituted H 2 P the type of N-substitution within the pyridyl ring from meta-(m) to ortho-(o) and para-(p) N position ( Figure 4A ).
It is seen from Figure 4B that H 2 P(o-Pyr) 4 and H 2 P(mPyr) 2 porphyrins almost do not quench the QD PL (curves 1, Formation of "Semiconductor Quantum Dots -Porphyrin" Nanocomposites 2), whereas the quenching is strongest for H 2 P(p-Pyr) 4 and H 2 P(m-Pyr) 4 ones. Within the H 2 P(m-Pyr) 4 manifold, there is a systematic increase of the quenching efficiency on the number (n) of meso-pyridyl substituents. From the absence of QD PL quenching in the case of H 2 P(o-Pyr) 4 and H 2 P(mPyr) 2 porphyrins, we conclude that despite the flexibility of pyridyl rings with respect to the H 2 P macrocycle, a parallel orientation of the macrocycle with respect to the QD surface is obviously not favoured. However, an orientation of the porphyrin macrocycle nearly perpendicular to the QD surface would be easily possible for meta and para N positions in pyridyl substituted porphyrins (see Figure 1A) . Like for porphyrin self-assembled triads, [40] the importance of the designed two-point interacting domain is also demonstrated upon formation of "QD-Porphyrin" nanocomposites. This process is based essentially on a "Lego-type" key-hole principle effectively controllable via steric factors, distance matching, optimization of relative orientations, and solvent composition. [46] It is also clear that the attachment of porphyrin molecules to QD surface is realized in the competition with capping TOPO molecules. Notably, in contrast to toluene, the PL intensity of the QDs does not change in n-octane indicating that the capping TOPO shell is stabilized against the H 2 P molecules in the later case.
When numerically analysing QD PL quenching data for various porphyrin molecules in order to evaluate of the corresponding complexation constants K C one should take into account few aspects: ligands exchange dynamics (depending on TOPO concentration and solvent properties) and number of H 2 P molecules per QD. Without consideration of the dynamic equilibrium, it is reasonable to assume that the PL quenching rate for a given QD with n attached chromophores is proportional to n, whatever the quenching mechanism is (in our case, due to both FRET and electron tunnelling in the conditions of quantum confinement [46, 48, 49] ).
Like it has been done earlier [73] as well as in our publication [46] and in recent publications, [74, 75] QD-porphyrin interaction may be described by a Poisson distribution:
where x is the average number of chromophores per one QD (estimated from a molar ratio (
, n is the number of attached chromophores on a given QD. Correspondingly, the QD PL intensity ratio I(x)/I 0 may be written as
Σx n /n!(1+nk Q /k D ) [73] or [76] (2), where k D is the total QD PL intrinsic decay rate and k Q the QD PL quenching rate. Using this approach, it was found that the estimated values of complexation constant K C for "QD-Porphyrin" nanocomposites lie in the region from ∼10 5 M -1 (for H 2 P(m-Pyr) 1 ) to ∼10 7 M -1 (for H 2 P(m-Pyr) 4 ). [50, 55, 76] The details of this approach including also the analysis of time resolved kinetics of QD PL decays will be presented in the forthcoming paper.
Manifestation of Temporal Porphyrin and Capping Ligand Exchange Dynamics
A comprehensive description of capping molecules and porphyrin ligands dynamics in relation to PL quenching processes is of crucial importance for the elucidation of mechanisms of photoinduced processes in "QD-Porphyrin" nanocomposites (as well as for other dyes) as a step to an investigation of the chemical topography of QD surface. Here, we focus presumably on nanocomposites based on TOPO-capped CdSe/ZnS QDs and H 2 P(m-Pyr) 4 molecules (or H 2 P, Figure 1A) showing among a series of pyridyl substituted free-base porphyrins the most effective PL quenching of QDs at the same titration conditions ( Figure  4B ). Due to the simultaneous observation of FRET and non-FRET PL quenching processes for QDs in "QD-Porphyrin" nanocomposites, [46] [47] [48] [49] [50] 53] which serves as an indicator for the nanocomposite formation we have the direct access to QD surface-related processes. The detailed analysis of a whole series of titration experiments to study the PL intensity of CdSe/ZnS QDs as a function of the added amount of H 2 P(mPyr) 4 molecules within time scale from 60 s to minutes and hours as well as of solvent (toluene or n-octane) has been presented in our recent paper. [54] Here, we would like to pick out main results (marked below by bold numbers) and conclusions.
(1) Addition of the porphyrin aliquot to the master solution of QDs (with or without ZnS) results in an immediate decrease of the PL intensity faster than our time resolution of about 60 s. In each of the samples, the initial fast PL decrease is followed by a decrease of the PL intensities on longer time scales ( Figure 5A,B) . The PL decrease decay seems to be broadly distributed reflecting the presence of different quenching processes, namely those already inherent in the pure QD sample and those imposed by addition of the H 2 P resulting in assembly formation.
(2) FRET efficiency increases on a time scale of minutes before it either saturates in a constant value for some more minutes (nicely seen for [QD]=1·10 -7 M Figure  5B ) or proceeds already with a slight decrease within longer time scale. In this case, FRET is a measure for the formation kinetics of "QD-Porphyrin" nanocomposites.
(3) QD PL quenching upon titration by porphyrins scales inversely with QD concentration. The decrease for later times is an obvious result of the ongoing (independent of porphyrin) intrinsic PL quenching for QD ( Figure 5A ) which reflects the particular dynamic processes at the QD surface and has a direct feedback on the FRET efficiency. The comparison of the PL quenching with the FRET build-up during time shows that the "QD-Porphyrin" nanocomposite formation has multiple (at least three) macroscopic time scales.
For the analysis of the PL quenching as a function of the number of H 2 P molecules per QD, the well-known SternVolmer formalism [77] was appropriately modified, [48] and this quenching can be described by .
In this approach, the Stern-Volmer function K(x) depends explicitly on the molar ratio x= [C porph ]/[C QD ]) and is expressed as the first derivative of the experimental data plotted in Stern-Volmer representation. Further, the evaluated from titration curves K(x) values can be written as
where k q corresponds to the total quenching rate induced by the number of quencher molecules actually present (depending on the molar ratio x) and τ 0 to the intrinsic PL lifetime of the QD in absence of quencher molecules. The results based on the analysis of the Stern-Volmer plots, are as follows ( Figure 6 ). (4) Figure 6A reveals the linear relationship between the quenching constant K(x=1) (determined for small molar ratios) and the reciprocal absolute concentration Figure 5 . Influence of sample conditions on the time dependent QD PL quenching and FRET efficiency (relative units) for "QDPorphyrin" nanocomposites based on QDs and H 2 P(m-Pyr) 4 molecules in toluene at 293 K. For all dependences, left scale is QD normalized PL emission, right scale is experimental FRET efficiency QD→porphyrin calculated according to the procedure described in our previous papers. [46, 48, 49, 53] Formation of "Semiconductor Quantum Dots -Porphyrin" Nanocomposites
[QD] -1 , respectively. The linear dependence indicates that the underlying quenching processes have a common nature for all absolute initial concentrations of QDs. The observed linearity is changed upon molar ratio increase. This indicates that, when deviating from the low-concentration regime, additional dynamic constraints such as ligand dynamics to create new attachment sites which control the QD PL aside of the immediate assembly formation.
(5) Titration experiments with QDs of a variable size ( Figure 6B ) show also that K(x) is indeed initially constant but becomes smaller around a critical molar ratio (which we will call x c ≈1÷10 depending on QD size). This critical molar ratio x c increases more or less systematically with the diameter of the QD.
(6) Finally, it follows from ensemble and single object experiments for "QD-perylene-diimides" nanocomposites, [51, 52] that the number of attached dye molecules to a QD is much less than that given by the molar ratio x. We assume that a similar situation holds also for H 2 P just after titration step. Indeed, QD PL quenching is still increasing in the presence of H 2 P while also FRET increases at long waiting times (see Figure 5C ) up to > 24 h. [51, 52] It means that at very high H 2 P concentrations and long waiting times the TOPO capping shell becomes nearly completely replaced by H 2 P molecules.
The overall interpretation of the above findings is that because of the presence of a limited number of empty attachment sites on the QD surface, QD PL quenching in "QD-Porphyrin" nanocomposites occurs in two steps. (i) Immediately after titration, nanocomposites are effectively formed, which results in both QD PL quenching and FRET QD→H 2 P. [46] (ii) More porphyrin molecules become attached during the waiting time. However, increased QD PL quenching and FRET are not exactly on the same quantitative level. Clearly the titration step also favors other competitive quenching mechanism (electron tunneling in the conditions of quantum confinement [48] ) in addition to FRET. It means that the exciton relaxation dynamics in QD initiated by a single titration step is not only due to the added H 2 P molecules themselves, but also to a local change in the capping ligand shell on QD surface upon nanocomposite formation as well as to a local replacement of TOPO by H 2 P molecules as suggested earlier. [78, 79] This argumentation is in line with the finding that dilution of a QD solution reduces the average coverage of the QDs with TOPO, [51, 52] giving rise to both an intrinsic reduction of QD PL [80] as well as to increased accessibility of the QD surface to the quencher molecules. It should be mentioned also that the capping ligand coverage (TOPO or amines), and thus, the number of accessible attachment sites are controlled by the solvent polarity. Since these processes may depend on several partly hidden conditions, such as QD surface structure and absolute TOPO concentration, they vary from sample to sample and QD to QD. However, though absolute values differ from each other considerably, we observed the same qualitative behavior in all cases.
Recently, based on these ideas, we have carried out a quantitative experimental analysis (steady-state and picosecond time-resolved measurements) of QD photoluminescence quenching in nanocomposites based on TOPO capped CdSe/ZnS QDs (d CdSe = 3.0 nm, 2 ZnS monolayers) and H 2 P(m-Pyr) 4 molecules at molar ratio x = 4 in toluene at 295 K. [53] Our results have shown that in these nanocomposites, the main part of quenching is due to non- The obtained results may be considered as a direct proof of the realization of namely FRET QD→porphyrin process followed by the singlet oxygen generation via porphyrin triplet states. All these facts raise the hypothesis that "CdSe/ ZnS QD-porphyrin" bioconjugates have a potential to be photosensitizers of a novel type in the photodynamic therapy of cancer.
Ligand Capping Phase Transitions in "QD-Dye" Nanocomposites upon Temperature Lowering
In the following two sections, we discuss the influence of structural surface transformations such as a capping layer (TOPO or AM) temperature induced phase transition and QD photodegradiation on the optical properties of QDs, especially how they are related to the nanocomposite selfassembly and connected with PL quenching and excitonphonon coupling in QDs. Our comparative results are concerned with (77÷300 K) temperature dependent optical properties of "QD-porphyrin" nanocomposites (ensemble experiments) as well as on long-term temporal evolution of PL spectra (photodegradition related to interface transformation processes) for QDs assembled with perylene diimides (ensemble and single particle detection). In case of porphyrin we report on the (temperature dependent) formation of CdSe/ZnS trap states in competition to QD near band edge (excitonic) states. While the detailed results of all series of experiments are still under investigation and will be discussed in a forthcoming paper, we will concentrate here on the temperature dependent influence of dye (presumably porphyrin) molecules on the QD PL and will only present those results on ensembles of QDs, which are necessary to follow the overall behavior. The temporal variation of trap and near band edge states have been studied with a diimide dye using ensemble and single object detection. We will show that the combination of bulk and single molecule/single particle experiments [51, 52, 55] is a tool to precisely identify the interaction of exactly one QD with one dye molecule leading to a microscopic understanding of the formation (including ligand dynamics) and related mechanisms of PL quenching dynamics for "QD-Dye" nanocomposite nanoassemblies.
A set of typical absorption spectra (in the energy range of the first excitonic transition) and PL spectra for alone CdSe/ZnS QDs (without porphyrins, d CdSe = 3.0 nm, 2 ZnS monolayers) at various temperatures is depicted in Figure  7 . It is seen that upon temperature lowering, the band-edge Formation of "Semiconductor Quantum Dots -Porphyrin" Nanocomposites absorption for alone QDs is blue shifting. The temperature dependence of the PL peak energy behaves similar as the band-edge absorption, that is manifests the blue upon temperature lowering. At 295 K excitation between 410 to 500 nm results in a PL band at λ max = 555 nm, while upon excitation in the range of 510 ÷ 540 nm the PL band is characterized by λ max = 551 nm. These results reveal that in addition to site selection (observed for QD PL [81] ) the presence of at least two luminescent states is characteristic to QDs under study. Upon temperature lowering PL spectra are not only shifted to the blue, but also the line width (FWHM) becomes essentially narrower, while the PL intensity becomes higher. Based on considerations presented in our very recent paper [54] it may be concluded the QD PL quantum efficiency increases upon temperature lowering and PL emission takes place presumably from only one type of state.
Fitting the lowest absorption and PL bands position in the energy scale by a Gaussian components shows that besides the above mentioned blue shift upon temperature lowering a non-monotonous temperature dependence of the respective peak energies becomes evident ( Figure 8 ).
It is seen in Figure 8A that non-monotonous behavior (which we name for simplicity "kink") is observed for TOPO-capped CdSe/ZnS QDs between 200 and 240 K, far from the glass transition temperatures for methylcyclohexane (146.7 K) and toluene (180 K), respectively as well as for a methylcyclohexane/toluene (6:1) mixture (151.6 K). [72] With T lowering the "kink" occurs at slightly different temperatures for the first excitonic absorption band (∼218 K) and the PL band (∼223 K), respectively. We also found, that a similar "kink" is observed in the PL temperature dependence for CdSe/ZnS QDs capped by long-chain amines ( Figure 8B ). In the later case, the "kink" in PL spectra is more pronounced and shifted to ∼237 K as compared to ∼223 K for TOPOcapped CdSe/ZnS QDs. Notably, this non-monotonous beha vior becomes stronger for amine-capped CdSe/ZnS QDs with attached DPP dye molecules at molar ratio x = [C DPP ]/ [C QD ] = 1, while no "kink" is observed when following the luminescence of perylene diimide or porphyrin molecules under the same conditions (will be presented and discussed below). From these observations, we therefore exclude, that the morphology of the matrix is changing.
Typically, the PL blue shift and intensity rise upon temperature lowering is a commonly observed phenomenon for QDs and is generally explained by reduction of thermally activated carrier trapping [82, 83] and/or the electron-phonon coupling decrease. [27, [83] [84] [85] [86] [87] One should note that the existence of "kink" has up to now only been reported with respect to the PL properties of QDs. Unusual "luminescence antiquenching" at a well defined temperature of T∼250 K (manifested in our experiments as "kink") has been observed for CdTe or CdSe/ZnS QDs initially dissolved in liquid solutions such as toluene, and has been related to a phase transition in the surfactant capping layer. [84] This phase transition of the surfactant was connected with surface relaxation and/or surface reconstruction which is strongly dependent on the type of capping ligand molecules (TOPO or aminoethanethiol) and, in turn, may cause a spatiallyenergetic reordering of trap states.
We have shown for the first time [55] that, in addition to PL, the QD band-edge absorption is obviously also sensitive to such a phase transition of the surfactant capping layer at temperatures close to ∼218 K. When discussing the appearance of the "kink", one has to take into account that for TOPO-or amine-capped CdSe/ZnS QDs, a phase transition of the capping ligand layer at low T may cause some straininduced deformation of the ZnS shell. The reason of that is that according to [88, 89] absorption and PL of core-shell CdSe/ ZnS QDs are red-shifted with respect to merely core QDs because in the former case the electron wave function tunnels into the shell, increasing the delocalization of the electronhole pair, lowering the confinement energy and consequently the energy of the excited state. Correspondingly, due to different thermal expansion coefficients for the semi-rigid capping layer and the ZnS shell as well as possible strain effects, slight changes of electron delocalization may take place in the range of the phase transition. In this respect, we believe that slightly different "kink" temperatures for the first excitonic absorption band (∼218 K) and the PL band (∼223 K) for TOPO-capped CdSe/ZnS QDs, may be explained by the different nature of the corresponding transitions in absorption (allowed excitonic ones [55] ) and in emission (trap dominated at low T).
If in fact, a trap state emission dominates at low temperatures, these trap states or their distribution might be influenced by dye molecules attached to the QD surface due to replacing some of the surfactant (TOPO ligand) molecules. [55, 90] To realize such a situation we have carried out the corresponding temperature experiments for nanocomposites based on TOPO capped CdSe/ZnS QD of one type and various porphyrin molecules at a relative molar ratio of (Figure 9 ). In the case of CuP(mPyr) 4 being attached to QD, upon temperature lowering along with QD PL band, the long wavelength emission band at λ max =770÷780 nm appears ( Figure 9A ). The last emission belongs to the phosphorescence of CuP(m-Pyr) 4 molecules.
[91 and references therein] It is clearly seen that this phosphorescence intensity is continuously increasing upon temperature lowering ( Figure 9A , inset) what is typical for Cu-containing porphyrins. [91, 92] Thus, CuP(m-Pyr) 4 molecules may be considered as an inner standard showing that the surrounding solvent matrix does not change upon temperature lowering At the same conditions, PL intensity for QD in "QD-CuP" nanocomposites shows again a "kink" ( Figure  6A, inset) , which, however, is now much more pronounced (-23%) than in the absence of CuP (compare curves 1 and 3, Figure 9B ). A comparison of temperature dependent QD PL intensities obtained for various porphyrins is shown in Figure  9B . It is evident, that dye attachment enhances the PL decrease at the phase transition temperature, and the amplification is strongest for CuP molecules. We suggest that CuP exhibits the largest effect, since either internal molecular charge transfer states influence the energy distribution of CdSe/ ZnS QD trap states considerably or TOPO molecules may be strongly coordinated at low temperatures to the central Cu ion, which might increase the disorder of the surfactant capping shell. Finally, it is seen from Figure 9B (curve 4) that tetraphenylporphyrin without meso-pyridyl anchoring groups does not enlarge the QD PL decrease at the "kink" (because of self-assembly absence in this case), and the "kink" is absent for QDs in a dried rigid PMMA film on a quartz plate (curve 5). In the later case, the film rigidity suppresses the reorganization of the TOPO capping layer, [84] thus weakening a spatiallyenergetic reordering of QD trap states. Figure 10 shows band-edge PL decays at various detection wavelengths within the QD PL band for TOPO capped CdSe/ZnS QDs (d CdSe = 3.0 nm, 2 ZnS monolayers) and, as representative example, for "QD+CuP(m-Pyr) 4 " nanocomposites (x=1) at 293 and 77 K. It is seen that the temperature-dependence of the PL decays is quite pronounced for QDs being alone (like in other cases [84] ) and differs significantly from than found for in "QDPorphyrin" nanocomposites. At 293 K PL decay for alone QDs is multiexponential at various detection wavelengths, and measured <τ> values do not change practically upon variation of detection wavelengths ( Figure 10 , curve 1). At 77 K QD PL decay is nonexponential in the short wavelength region, but at PL maximum and in the long wavelength region PL decay is monoexponential exclusively. In the later case, mean value <τ> is monotonically rising upon going to the long wavelength detection. It is evidently seen also that for the PL long wavelength region <τ> values at 77 K are noticeably higher relative to those measured at 293 K. In addition, at 295 K QD instantaneous spectra are the same practically at various delay times, while at 77 K the red shift of these spectra is observed upon increase of a registration delay time. Taken together, all these PL decay findings for alone QDs in a temperature range of 300÷77 K cannot be described by a thermal equilibrium between dark and bright excitonic states as far as such effects manifest Formation of "Semiconductor Quantum Dots -Porphyrin" Nanocomposites themselves at T < ~ 50 K. [84, 93] The realistic mechanisms of exciton relaxation in this case may be dominated by trapping dynamics, since the trap depths vary across the QD ensemble and also fluctuate in time for individual QDs. [94] In the case of "QD+CuP(m-Pyr) 4 " nanocomposites, QD PL decays are multiexponential within the whole PL band both at room and low temperature ( Figure 10B ), and measured <τ> values slightly change upon variation of detection wavelengths. At 293 K, the mean decay shortening from <τ>≈14.5 ns for alone QDs down to <τ>≈11.9 ns for nanocomposites is a direct evidence of OD PL quenching in nanocomposites due to both the electron tunneling and FRET. At 77 K, PL spectra of nanocomposites are blue shifted with respect to those for individual QD that may be considered as an additional support reflecting the influence of attached CuP molecule on QD phase transition. Data presented in Figure 10 show also that in contrast to alone QDs, the temperature lowering down to 77 K leads to the strong shortening of mean <τ> values even for the PL long wavelength region (from ∼18 ns down to ∼8 ns). The interpretation of these results is also connected with TOPO capping layer phase transition perturbed by attached porphyrin molecules. The existence of additional PL quencher (attached CuP molecules) in this case may influence non-directly on the relative position of excitonic and trap states of QD itself upon temperature lowering as well as form the competitive non-radiative channels connected with CuP(m-Pyr) 4 molecules.
To consider the differences in the temperature dependence between QDs and nanoassemblies, one has to take into account that nanoassemblies at an initial molar ratio x = [C CuP ]/[C QD ] = 1 were prepared by one-step mixing at ambient temperature. At ambient temperature, the thermodynamic formation of such self-aggregated assemblies is characterized by the corresponding complexation constant. [49, 76] Estimations according to a Poisson distribution show that at x=1, the related probabilities P i of the number of dye molecules per QD are P 0 =0.3, P 1 =0.4, P 2 =0.3, respectively. This implies, that some QDs are "porphyrin-free" without PL quenching at ambient temperature. Decrease of temperature leads probably to complete complexation of QDs because of the rise of the complexation constant at low temperatures. [95] Correspondingly, this should show up in more effective QD PL quenching.
Thus, the combined analysis of QD PL integrated intensities the decay curves for alone QDs and "QDPorphyrin" nanocomposites leads to the conclusion that upon temperature lowering, QD undergo a phase transition in the sense, that the "freezing" ligand shell exerts strain on the ZnS shell thus creating trap states with reduced PL quantum yields. Moreover, this phase transition changes also the CdSe core absorption, which might be explained by a modification of the core structure. In turn, dye attachment creates new and/or more trap states, which obviously quench the PL very effectively. Phase transition temperature and the influence of dye (porphyrins or perylene diimides in our study) induced trap states depend critically on the type of the capping ligand and are more pronounced for TOPO as compared to long chain amines. [55] We have demonstrated in this section, that dye molecules (porphyrins or perylene diimides in our study) noticeably influence the optical properties at ligand controlled phase transitions. Our findings highlight that single functionalized heterocyclic molecules can be considered as extremely sensitive probes for the complex interface physics and dynamics of colloidal semiconductor QDs.
PL Blinking Statistics for QDs with Attached Porphyrins and Long-Term Photostability of Single CdSe/ZnS QDs and Nanocomposites
At present, it is well-documented that the photoluminescence from a variety of single organic molecules [96] and colloidal semiconductor QDs [97] is defined by large intensity fluctuations, known as "blinking", whereby their PL turns "on" and "off" intermittently, even under continuous photoexcitation. This is an intriguing phenomenon as it results in a clearly measurable manifestation of microscopic dynamical changes in a single object (molecule or QD). [98] In most cases the durations of bright ("on") and dark ("off") periods (PL time trajectories) follow power-law statistics: [97, 98] 
where τ is the observation time, µ is an exponent index changing within 1.1÷2.2 s with a maximum at ∼1.5 s. The power-law behaviour holds regardless of sample temperature, QD size or composition, QD shape, or excitation intensity.
PL intensity fluctuations of blinking QDs occur on wide time scales (Figure 11 ) which are immensely longer than the longest characteristic time normally associated with QD dynamics, a radiative lifetime of tens of nanoseconds. [97, 98] Hence, they must be associated with ''slow'' variations of the microscopic state of the QD caused by changed of interface properties (e.g. capping layer phase transition or dye molecule attachment, like in our case).
As we discussed in previous sections, the attachment of functionalized organic dyes (porphyrins or perylene diimides) to a QD surface manifests itself in noticeable QD PL quenching as well as in related complex interface dynamics.
A modification of QD PL properties is also visible in the experiments with single "QD-Porphyrin" nanocomposites. Figure 12 shows the comparison of blinking statistics for two samples spin coated from toluene solution onto quartz surface at 295 K: TOPO-capped CdSe/ZnS QDs and "QD-H 2 P(m-Pyr) 4 " nanocomposites both having the same initial QD concentration (C QD =1.8⋅10 -9 M, core diameter d CdSe = 3.2 nm, 3 ZnS monolayers) and being excited within the QD first absorption band. Nanoassemblies were prepared at a molar ratio x = [C Porphyrin ]/[C QD ] = 10, at which the ensemble QD PL quenching is about 40%. [46] It is seen from Figure 12 that for both single QDs and single nanocomposites blinking statistics show a power law distribution for "on" and "off" times. Dark QD states are usually explained by charged QDs, [99] and the heterogeneity (power law behavior) is inherent to broadly distributed (de-)population processes of the dark state.
It was found that <t on > times of 0.20 s are the same in QDs and "QD-H 2 P(m-Pyr) 4 " nanocomposites. In contrast, a substantial increase of <t off > times is observed for Formation of "Semiconductor Quantum Dots -Porphyrin" Nanocomposites nanocomposites (<t off >=1.2 s) in comparison to <t off >=0.75 s for QDs. These findings are considered as a proof of QDporphyrin interactions leading to changed QD PL dynamics also on a single assembly level.
At the end, as an additional example of single objects experiments on "QD-Dye" nanocomposites, we show some results being obtained for quantum dots capped by long-chain amines (QD-AM, d CdSe = 3.0 nm, 2 ZnS monolayers) and attached with (pyridyl) 1 -perylene diimide (PP) molecules. With respect to porphyrins, perylene diimides are more suitable for single molecule detection due to their high quantum yield of fluorescence and large photostability. [51, 52, 70, 71, 100] With these investigations it seems to be possible to elaborate a microscopic description of the geometry and dynamics of QD-dye nanoassemblies. Additionally, a comparison of ensemble and single assembly experiments allows the unravelling of PL specific quenching mechanisms which are of importance for the identification of dynamic processes in QD-dye nanocomposites in general. Figure 13A shows a confocal scan of a spin-coated sample based on long-chain amines capped quantum dot (QD-AM, d CdSe = 3.0 nm, 2 ZnS monolayers) and (pyridyl) 1 -perylene diimide (PP) molecules at x = 1 (the corresponding structure is presented in Figure 1B ). Detecting the luminescence spectra on each single luminescent spot reveals that three types of spectroscopic fingerprints emerge: (i) PP fluorescence spectra ( Figure 13B) ; (ii) QD-AM PL spectra ( Figure 13C ) and (iii) simultaneous QD-AM and PP spectra belonging to a nanocomposite ( Figure 13D ). The detection of these three types of emission is an experimental background of the distribution of dye molecules on QDs which may be described by Poisson approach. Moreover, the spectral shift of PP emission in (D) with respect to (B) is due to different conformations of PP molecules on QD surface [100] (see Figure  1B) . PL spectra of a single (QD-AM)-PP nanocomposite as a function of observation time and QD-AM kinetic properties are presented in Figure 14 . It is evidently seen that at t ≈ 57 s PP fluorescence is bleached while QD-am remains emitting because of higher photostability in comparison with an organic dye ( Figure 14A ). In addition, PL band of this quantum dot is blue shifted upon the observation time increase. While the fluorescence of single PP molecules decays almost mono-exponentially, the PL of single QD-AM (independent whether free or assembled) decays clearly multiexponential as has been reported for many similar cases. [101] [102] [103] It should be noted also that photoluminescence average decay times 〈τ D 〉 of single QD-AM (fitted by a stretched exponent) show a tendency to decrease with increasing observation time, and this behaviour seems to be related to the spectral blue shift of PL band. Average decay time for single uncomplexed QD-AM was measured to be 〈τ D 〉≈20. 5ns (based on measurements for 20 QDs), while for QD in single nanocomposite (QD-AM)-PP 〈τ DA 〉≈16 ns (based on measurements for 18 nanocomposites). The shortening of the decay time is clearly related to the observed decrease of the QD PL intensity upon nanocomposite formation. This proves that QD PL quenching is also observed on a single nanoassembly level and reflects directly the existence of an additional non-radiative channel for QD exciton relaxation in this nanocomposite.
Finally, let us consider the specific effects which may be detected using single nanocomposite detection. Figure  15A shows the PL spectrum of single amine capped QD-AM (only QD PL spectrum in one focal laser spot) in a time trace of the PL intensity during 60 s with 1 s resolution. We observe besides blinking a small blue shift. In Figure 15B the superposition of QD-AM and (pyridyl) 1 -perylene diimide (PP) emission (within one laser spot) shows a stable fluorescence of PP (at λ=600 nm), while the PL of the QD-AM (at λ=560 nm) is blinking and blue shifting more effectively than in the absence of PP. In fact, the PL of quantum dots with attached PP molecules shifts more effectively (by ∼25 nm) to the blue than the PL of free single QDs (∼17 nm). [55] The overall conclusion with respect to "QD-Dye" nanocomposites is that there is a noticeable difference in the photophysical behaviour of QD PL upon the dye attachment. Single particle detection indicates that even one attached PP molecule enhances the photodegradation considerably. With respect to the photodegradation, two reasons may be tentatively taken into account. The first one is that upon attachment of dye molecules a large number of ligands are removed, which results in a more unprotected and thus more reactive surface, which allows for a stronger photodegradation either of surface states or even of the QD core. The second reason is related to the fact, that dye-induced trap states of QDs are more sensitive to photobleaching resulting in apparent spectral shifts and reduced integrated PL. This latter assumption is supported by our experiments on "QD-porphyrin" nanocomposites reported in previous sections of the paper.
Conclusions
Our recent findings highlight that "bottom-up" approach based on self-assembly principles defines the strategy of the formation of organic-inorganic nanocomposites containing colloidal semiconductor QDs of different types Formation of "Semiconductor Quantum Dots -Porphyrin" Nanocomposites and various heterocyclic molecules with specific anchoring side substituents (like meso-pyridyl substituted porphyrins and perylene diimides in our case). On the basis of a combination of ensemble and single molecule spectroscopy of nanocomposites, we have shown that single functionalized molecules can be considered as extremely sensitive probes for studying the complex interface physics and exciton relaxation processes in QDs.
We have quantitatively discriminated for the first time, that the major part of the observed QD PL strong quenching in nanocomposites can be understood in terms of the electron tunneling across the ZnS shell in the conditions of quantum confinement, and the rest part of the quenching is caused by FRET. The temporal QD PL quenching induced by attaching dye molecules can be explained by the presence of a limited number of empty quencher sites on the QD surface followed by ligand competitive exchange (TOPO, amines and dyes) on much slower time scales. We like to emphasize that also at these long time scales a still increasing attachment of H 2 P(mPyr) 4 molecules as identified by further increasing FRET has been observed. Our present findings of inhomogeneous surface dynamics for semiconductor QDs are also important for the evaluating the mechanisms non-FRET quenching processes caused by attachment of dye molecules. We have argued that non-FRET quenching might be related to depletion of capping ligand molecules by the respective dye molecules. Using porphyrins and perylene diimides attaching with QD surface, we did a conclusion that this non-FRET mechanism could be related to the inhomogeneity of the QD surface with respect to ligand attachment. In case that there are various attachments sites with varying binding strengths it is reasonable to assume that different attachment sites are correspondingly related to a formation of trap states which quench the QD PL effectively. Summarizing all these arguments, non-FRET quenching corresponds to the removed of ligands at specific surface sites and the creation of (PL quenching) trap states. Hence, for this tuning the PL properties, it does not need a full exchange of the ligand shell, but it works already upon attachment of very few dye molecules.
Temperature variation and related changes in QD absorption and emission reveal sharp changes of the ligand shell structure in a narrow temperature range for organic (TOPO and amine) surfactants (phase transition). The effects on QD PL at this transition become considerably pronounced upon attachment of only a few porphyrin (or perylene diimide) molecules to QD surface. We conclude from temperature experiments, that the ligand phase transition has impact on the QD core structure and exciton-phonon coupling. This investigation elaborates the importance of (switchable) surface states for the characterization of the PL of QDs.
Finally we like to point out, that properties of QD-dye nanocomposites are interesting in itself, but also provide a valuable tool to study surface related phenomena in QDs on an extremely low level of the surface modification. Instead of investigating the exchange ligand dynamics directly e.g. by NMR, we suggest to make use of QD PL quenching in combination with appropriately functionalized dye molecules. In contrast to NMR, this approach allows to investigate ligand dynamics at extremely low concentrations of concurrent ligand-type dyes. At last, our data show also, that "QD-Porphyrin" nanocomposites may be considered as potential photosensitizers of a novel type in the photodynamic therapy of cancer.
